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filtered voltage (see figure). A channel recording low-When Do Epileptic
voltage fluctuations from an individual who sustainedSeizures Really Begin? severe and widespread damage to the cerebral cortex
would typically have low signal energy, while a high-
voltage, wildly varying signal recorded from an individual
during a seizure would represent high signal energy.
Epilepsy, a disorder characterized by recurrent seizures, How the energy accumulates over time can be easily
is a common neurological problem, affecting more than calculated so that the overall energy pattern over min-
two million Americans and 1% of the population world- utes to hours can be visualized (see figure, “accumu-
wide. Epileptic seizures occur with little or no warning, lated energy”) as opposed to the fine detail second-to-
commonly impair awareness, limit an individual’s ability second changes.
to operate a motor vehicle or function effectively in the Two findings of particular interest emerged from this
workplace, and render the victim susceptible to bodily work. The first was that computation of signal energy
harm. No effective prevention is available. Drug therapy during the entire recording period disclosed fleeting in-
to suppress seizures is unsatisfactory; at least 25% of creases evident hours in advance of seizure onset (Fig-
affected individuals experience persistent seizures de- ure 2 of Litt et al., 2001). Also termed “bursts” by the
spite optimal treatment. If an impending seizure could authors, these fleeting increases of signal energy lasted
be predicted tens of minutes in advance, a diversity of at least 5 min and their occurrence increased in fre-
novel therapeutic options would emerge. The work of quency during the several hours prior to seizure onset
Litt et al. (2001), in this issue of Neuron, represents (Figure 4 of Litt et al., 2001). Importantly, these increases
an initial effort to predict the occurrence of epileptic of signal energy were not associated with any overt
seizures tens of minutes in advance by computerized change in behavior of the patient. The quantitative analy-
analysis of the electroencephalogram (EEG). ses of signal energy were restricted to three of five
The EEG has been and remains the single most impor- individuals in the study in which the “earliest EEG
tant diagnostic test for epilepsy. One example of its changes” were highly localized. In two of these three
usefulness lies in studies of a common form of human patients, the recording site at which the fleeting increase
epilepsy, temporal lobe epilepsy. Many individuals af- of signal energy exhibited the highest amplitude corre-
flicted with temporal lobe epilepsy are unresponsive to sponded to the site at which subsequent surgical resec-
medication yet some can be cured by surgical removal tion eliminated seizures. Visual analysis of the EEG dur-
of the temporal lobe from which the seizures arise. Be- ing these fleeting increases disclosed readily detectable
cause it is often impossible to pinpoint the temporal abnormalities consisting of waveforms termed “spikes”
lobe from which the seizures arise using EEG recorded and “polyspikes and slow waves” (Figure 3 of Litt et al.,
from scalp, electrodes are commonly placed into the 2001) in the jargon of electroencephalographers.
temporal lobes bilaterally in a standard neurosurgical The second finding emerged from computation of ac-
procedure, and patient behavior and EEG are recorded cumulated energy (see figure of this Preview) from the
simultaneously for days to weeks until multiple seizures recording site at which visual analyses disclosed earliest
have occurred. Visual analysis of EEG by skilled clini- evidence of unequivocal onset of seizure. Computations
cians often permits determining the locale of the EEG of 80 1 hr epochs of EEG were performed in each of the
pattern indicative of an epileptic seizure. Correlating the five patients. Thirty of these 1 hr epochs included EEG
timing of the onset of the EEG abnormality with the recorded 50 min prior to and 10 min following seizure
onset of the behavioral seizure leads to a judgment as onset (“seizure epochs”); these results were compared
to the site of seizure onset. These behavioral, electro- to 50 epochs of EEG recorded from the same site but
physiological, and additional clinical data are pooled separated in time from seizure occurrence by at least
to ascertain which temporal lobe should be surgically 3 hr (“baseline controls”). Whereas the accumulated en-
resected. ergy of the baseline controls was quite similar among
In the present study, Litt et al. performed computer- multiple epochs, abrupt increases of accumulated en-
ized analyses of EEG recorded continuously for at least ergy were evident tens of minutes prior to seizure onset
3 days from each of five patients with 6-contact depth (Figure 7 of Litt et al., 2001). Further analyses disclosed
electrodes placed stereotaxically within each temporal that a given data epoch could be classified as either
lobe and subdural electrodes placed on the surface of preseizure or baseline with 89% accuracy. Importantly,
both temporal lobes. Additional subdural electrodes were the time from “declaration of impending seizure” to sei-
placed on the surface of the frontal and parietal lobes zure onset averaged 18.5 min. In contrast to the analyses
in three subjects. Multiple seizures occurred during the of signal energy, visual examination of the EEG during
recordings in each of the patients. The EEG data were these increases disclosed no overt change in EEG pat-
first analyzed visually by Litt, who determined the time terns. Thus, the occurrence of an impending seizure was
and sites at which the EEG pattern indicative of seizure correlated with increasing accumulated energy well in
onset occurred (“unequivocal EEG onset of seizures”). advance of seizure onset in each of the five patients
The EEG data were subjected to quantitative analysis studied.
by summing, over a rectangular moving time window, The exciting aspect of these findings is that it may
be possible to predict the occurrence of an impendingthe energy of the signal—the square of the bandpass
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Figure 1. Schematic Representation of an EEG Trace and the Quantities Computed from It
The recording from an EEG channel is shown (bottom trace) with an enlargement around a spike and a wave burst (enlarged area). The
computed signal energy associated with the EEG channel is also shown (middle trace). Note the large increases in signal energy at the times
of the spike and wave bursts. The accumulated signal energy increases during each successive increase in signal energy (top trace).
seizure well in advance, that is, more than 10 min in Recent studies (for review see Lehnertz et al., 1999),
including that of Litt et al. (2001), underscore the poten-advance (based upon accumulated energy) and perhaps
even hours in some cases (based upon analysis of signal tial power of quantitative analyses to extract features
from EEG that are not obvious to the human eye. To date,energy). This is exciting because, as pointed out by
the authors, it opens the door to a diversity of new visual pattern recognition by humans has dominated
extraction of information from EEG. Note that, in thetherapeutic approaches to seizure control ranging from
deep brain stimulation to rapid delivery of fast-acting present study, the “accumulated energy” plot (Figure 7
of Litt et al., 2001) shows slight but consistent changesantiseizure drugs. Importantly, as noted by the authors,
the present findings must be viewed as preliminary. That over a span of 10 min, for example; however, visualizing
and interpreting 10 continuous minutes of EEG data isis, the findings were based upon retrospective analyses
of EEG recorded in a complex experimental paradigm, beyond the practical capabilities of most human observ-
ers. Until recently, such quantitative studies of EEG werenamely recordings from multiple electrodes placed ste-
reotaxically in five humans undergoing presurgical eval- limited by the ability to process and analyze vast quanti-
ties of data. A typical EEG recording contains hugeuations. Countless potentially important variables could
not be controlled such as sleep-wake cycle, antiseizure amounts of data; quantitative analyses of these data
sets require sufficiently powerful computers for acquisi-drugs, drug withdrawal, dietary intake, etc., all of which
can affect seizure threshold. Also, the computational tion, storage, and processing. Note that the authors
recorded in excess of 48 gigabytes of data, requiringanalyses relied heavily upon visual analysis of EEG for
selection of epochs for computational analysis, for se- more than 100 CDs for storage of data from just 5 pa-
tients. Computers of this power have become widelylecting artifact-free segments, and for designating site
and time of seizure onset; whether the computational available only in the past few years, thereby enhancing
the feasibility of investigations such as that of Litt et al.analyses alone will prove sufficient to identify and pre-
dict seizure occurrence is not clear. Indeed, it remains to (2001). It seems likely that future investigations will uti-
lize even more powerful algorithms for these analyses.be demonstrated that a given algorithm can accurately
predict the occurrence of seizure prospectively in an The measure of signal energy involves a quite simple
analytical method restricted to EEG from a single chan-experimental animal or a human. It seems that the next
step is to demonstrate that present and future algo- nel. By contrast, analysis of EEG from multiple channels
would permit assessment of synchronous activity fromrithms can successfully predict seizure occurrence in
one or more animal models of temporal lobe epilepsy. multiple sites; importantly, synchronous firing is a criti-
cal feature of an epileptic seizure. Indeed, McKeown etMultiple models are available, including those in which
spontaneous seizures arise weeks following an episode al. (1999) showed that certain patient-specific seizure
patterns are not localized to a single electrode but areof status epilepticus induced by chemical convulsants
(e.g., kainic acid or pilocarpine) or sustained electrical distributed over several electrodes simultaneously in
precise, spatially overlapping ways. Given the centralstimulation (Avanzini et al., 1997). Also, genetically modi-
fied mice carrying null mutations of the gene encoding role of synchrony in an epileptic seizure, perhaps mea-
surements of slowly increasing synchrony may have pre-the a-subunit of calcium calmodulin kinase II exhibit
temporal lobe seizures (Butler et al., 1995). dictive value for a seizure.
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In summary, the preliminary findings reported by Litt data supporting an exciting and unexpected mechanism
for the trp phenotype, depletion of phosphatidylinositol-et al. (2001) are provocative in that they suggest that
4,5-bisphosphate (PIP2), the substrate for phospholi-quantitative analyses of EEG can be exploited to predict
pase C (PLC) (Hardie et al., 2001). This study goes a longthe occurrence of seizures in humans tens of minutes
way toward resolving the trp controversy and opens upto hours in advance. If correct, this greatly enhances
many lines of experimentation that may finally put thisthe feasibility of novel therapies for control of seizures.
issue to rest.Furthermore, if correct, these findings raise two intri-
Despite the impressive array of recent studies on TRPguing questions: what are the cellular and molecular
family members, for many years interest in the trp locusmechanisms underlying EEG rhythms portending sei-
was rather modest as the basis of the phenotype andzure onset minutes to hours in advance, and what is the
the molecular nature of the disrupted gene product werenature of the signal that triggers the seizure onset? It
obscure. However, this began to change in the late eight-will be exciting (no pun intended) to watch this field
ies and early nineties with the finding that the trp muta-unfold in the next several years.
tion was associated with a defect in Ca21 influx and the
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with a predicted topology reminiscent of members of*Division of Neurology
the superfamily of voltage- and second messenger-Department of Medicine
gated ion channels (Montell and Rubin, 1989; Hardie†Department of Neurobiology
and Minke, 1992). These observations, combined with§Department of Pharmacology
the evidence that the light-stimulated cation influx is aand Molecular Cancer Biology
strictly phospholipase C–dependent phenomenon, raisedDuke University Medical Center
interest in TRP protein as a candidate for the long-Durham, North Carolina 27710
sought store-operated Ca21 entry channel.
Store-operated Ca21 entry appears to be widespreadSelected Reading
and is implicated in a diversity of processes ranging
Avanzini, G., Moshe, S.L., Schwartzkroin, P.A., and Engel, J. (1997). from T cell activation to fluid secretion and in the modu-
Epilepsy: A Comprehensive Textbook, J. Engel, Jr., and T.A. Pedley, lation of spontaneous neurotransmitter release. This
eds. (Philadelphia, PA: Lippincott-Raven Publishers). mode of sustained Ca21 entry is so named since it de-
Butler, L.S., Silva, A.J., Abeliovich, A., Watanabe, Y., Tonegawa, S., pends on transient release of Ca21 from internal stores
and McNamara, J.O. (1995). Proc. Natl. Acad. Sci. USA 92, 6852–
via the intracellular cation channel, the inositol-1,4,5-6855.
trisphosphate (IP3) receptor. The release of Ca21 fromLehnertz, K., Widman, G., Andrzejak, R., Arnhold, J., and Elger, C.E.
the stores is coupled to stimulation of PLC, which cata-(1999). Revue Neurologique 155, 454–456.
lyzes the conversion of PIP2 to IP3 and diacylglycerol.Litt, B., Esteller, R., Echauz, J., D’Alessandro, M., Shor, R., Henry,
Several TRPC proteins appear to be store operated, atT., Pennell, P., Epstein, C., Bakay, R., Dichter, M., and Vachtsevanos,
least in vitro, although others are not (Harteneck et al.,G. (2001). Neuron 30, this issue, 51–64.
2000). Moreover, neither TRP nor the heteromultimericMcKeown, M.J., Humphries, C., Iragui, V., and Sejnowski, T.J. (1999).
channels, TRPL/TRP and TRPL/TRPg, is store operatedBrain Topogr. 1, 107–116.
in vivo, as both Ca21 release channels, the IP3 receptor
and the ryanodine receptor, are dispensable for the light
response. However, all TRP channels share the commonAn End in Sight to a Long TRP feature of depending on PLC for activity.
Despite the considerable progress in the TRP field
over the last few years, no consensus has emerged
It has been more than three decades since the Drosoph- concerning the basis of the Drosophila trp phenotype
ila transient receptor potential (trp) mutant was discov- originally reported in 1969 (Cosens and Manning, 1969).
ered and named based on its transient rather than main- In wild-type flies, the visual response operates through
tained response to light (Cosens and Manning, 1969). the fastest known G protein–coupled signaling cascade.
In the ensuing years, the trp gene was cloned (Montell Only z10 ms elapse between light stimulation and open-
and Rubin, 1989) and shown to encode a novel receptor- ing of the TRP channels. Termination of the light stimulus
operated cation channel (reviewed in Montell, 1999). is also rapid and occurs within z100 ms. The trp mutant
Two other highly related photoreceptor cell-enriched differs from wild-type in displaying only a transient re-
proteins, TRPL and TRPg, have been described (re- sponse to a constant stimulus of bright light. After about
viewed in Montell, 1999; Xu et al., 2000). In addition, z4 s, trp flies are essentially blind and a z90 s dark
many mammalian TRP homologs (TRPC proteins) were adaptation period is required before the flies can exhibit
identified, thereby spawning a flurry of studies con- a subsequent response of similar magnitude. According
cerned with characterizing the functions and mode of to one proposal, the transient response in trp results
activation of this class of receptor-operated Ca21-per- from depletion of the intracellular Ca21 stores since the
meable cation channel (reviewed in Harteneck et al., stores refill slowly in the absence of the TRP-dependent
2000). Despite all the time and progress since the origi- Ca21 influx (Minke and Selinger, 1991). However, this
nal isolation of trp, the basis of the transient light re- hypothesis seems untenable in light of the lack of re-
sponse and delayed recovery from inactivation has re- quirement for either of the two Ca21 release channels
mained enigmatic. At least two explanations have been for the visual response. Another proposal is that the
put forward but neither has been completely satisfac- transient light response in trp is a consequence of rapid
and complete Ca21-mediated desensitization of the re-tory. In the current issue of Neuron, Hardie et al. present
